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The most difficult aspects of the meat analog extrusion are attaining desirable 
product’s appearance and texture. Using a single-screw extruder and 
incorporating low-grade oyster mushroom into soy proteins can produce a 
fibrous-structured meat analog. Thus, three research objectives of this study 
were to determine suitable extrusion process parameters range (barrel 
temperature and screw speed). Next, evaluate the effects of different screw 
speeds and oyster mushroom (OM) addition on the meat analog’s physical, 
microstructure, and textural characteristics. Then, model the effect of screw 
speed and OM addition on the extrusion specific mechanical energy (SME). 
Satisfactory extrudates were obtained at a barrel temperature of 140 °C, screw 
speed range of 100 rpm - 160 rpm, and OM addition at 0%, 7.5%, and 15% via 
factorial experiments. Single-screw extrusion equipped with a slit die 
successfully produced expanded oyster mushroom-soy protein extrudates. 
However, the increase in the OM content significantly decreased (p ≤ 0.05) the 
expansion ratio of the extrudate from 1.26 to 0.98. This result indicated that 
adding more OM restrained the expansion ratio. The extrudates had a medium 
density range (maximum of 1393.70 ± 6.30 kg/m3). By adding OM, the extrudates 
attained a higher moisture content (range = 34.77% to 37.93%) than the 
extrudates containing the protein mixture only (range = 26.99% to 32.33%). The 
increase in screw speed and OM significantly increased (p ≤ 0.05) the water 
absorption index. The increase in the texturization index was significantly 
influenced (p ≤ 0.05) by OM addition rather than the screw speed. A defined 
fibrous structure supported the high texturization index and small shape of air 
cells observed in the extrudates. The effect of screw speed and OM addition on 
the texture characteristics (hardness, gumminess, and chewiness) and SME was 
determined via factorial experiment design. Compared with the effect of OM 
addition, the impact of individually increased screw speeds was minimal. 
However, the combined effects of screw speed and OM addition had significantly 
reduced (p ≤ 0.05) all the texture characteristics. The hardness (3521.35 g) and 



© C
OPYRIG

HT U
PM

ii 
  

gumminess (2717.85) of the meat analog extruded at the maximum screw speed 
(160 rpm) and 15% OM addition are close to the chicken breast characteristics, 
respectively. The oyster mushroom–soy protein extrudates are chewier 
compared to the non-extruded texturized vegetable protein (TVP) and chicken 
meats. The SME values of the single-screw extrusion were linearly affected by 
the increasing screw speeds, which also lies in the adequate range (< 200 kJ/kg) 
for meat analog production. Applying the superposition technique successfully 
shifted the individual linear curves of the SME into a smooth master curve. The 
relationship of screw speeds and SME can be observed to describe the 
extruder’s performance in the production of oyster mushroom-soy protein meat 
analogs. These findings suggest that oyster mushroom-soy protein meat 
analogs with satisfying appearance, physical and texture characteristics are best 
produced via single-screw extrusion at a barrel temperature of 140 °C, screw 
speed of 160 rpm, and 15% OM addition. 
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Aspek yang paling sukar bagi penyemperitan daging analog adalah 
memperolehi penampilan dan tekstur produk diingini. Menggunakan sebuah 
mesin penyemperitan skru-tunggal dan menambahkan cendawan tiram 
bermutu-rendah ke dalam protein soya dapat menghasilkan daging analog 
berstruktur-serat. Oleh itu, tiga objektif bagi kajian ini adalah untuk menentukan 
julat sesuai parameter proses penyemperitan (suhu tong dan kelajuan skru). 
Seterusnya, menilai kesan kelajuan skru yang berbeza dan penambahan 
cendawan tiram pada fizikal, struktur mikro, dan ciri tekstur daging analog. 
Kemudian, modelkan kesan kelajuan skru dan penambahan cendawan tiram 
pada tenaga mekanikal khusus penyemperitan. Ekstrudat yang memuaskan 
telah diperoleh pada suhu tong 140 °C, julat kelajuan skru 100 rpm - 160 rpm, 
dan penambahan cendawan tiram pada 0%, 7.5%, dan 15% melalui eksperimen 
faktorial. Mesin penyemperitan skru-tunggal yang dipasang dengan acuan celah 
berjaya menghasilkan daging analog cendawan tiram-protein soya terkembang. 
Walau bagaimanapun, peningkatan dalam kandungan cendawan tiram telah 
berkurang secara ketara (p ≤ 0.05) nisbah pengembangan ekstrudat dari 1.26 
ke 0.98. Keputusan ini menunjukkan bahawa penambahan lebih banyak 
cendawan tiram mengekang nisbah pengembangan. Ekstrudat mempunyai julat 
ketumpatan sederhana (maksimum 1393.70 ± 6.30 kg/m3). Dengan 
menambahkan cendawan tiram, ekstrudat memperoleh kandungan kelembapan 
lebih tinggi (julat = 34.77% hingga 37.93%) berbanding ekstrudat yang 
mengandungi campuran protein sahaja (julat = 26.99% hingga 32.33%). 
Peningkatan kelajuan skru dan penambahan cendawan tiram meningkat secara 
ketara (p ≤ 0.05) indeks penyerapan air. Peningkatan dalam indeks penteksturan 
dipengaruhi secara signifikan (p ≤ 0.05) oleh penambahan cendawan tiram 
berbanding kelajuan skru. Struktur berserat yang teratur menyokong indeks 
penteksturan tinggi dan bentuk sel udara kecil yang diperhatikan dalam 
ekstrudat. Kesan kelajuan skru dan penambahan cendawan tiram pada ciri 
tekstur (kekerasan, kebergetahan, dan kekenyalan) dan tenaga mekanikal 
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khusus ditentukan melalui reka bentuk eksperimen faktorial. Berbanding dengan 
kesan penambahan cendawan tiram, kesan peningkatan kelajuan skru secara 
individu adalah minimum. Walau bagaimanapun, kesan gabungan kelajuan skru 
dan penambahan cendawan tiram telah mengurangkan secara signifikan (p ≤ 
0.05) semua ciri tekstur. Kekerasan (3521.35 g) dan kebergetahan (2717.85) 
daging analog yang tersemperit pada kelajuan skru maksimum (160 rpm) dan 
15% penambahan cendawan tiram adalah hampir dengan ciri dada ayam, 
masing-masing. Ekstrudat cendawan tiram-protein soya lebih kenyal berbanding 
dengan protein sayuran bertekstur tak-disemperit dan daging ayam. Nilai tenaga 
mekanikal khusus bagi penyemperitan skru-tunggal dipengaruhi secara linear 
oleh peningkatan kelajuan skru, yang juga terletak pada julat yang mencukupi 
(< 200 kJ/kg) untuk pengeluaran daging analog. Penggunaan teknik superposisi 
berjaya mengalihkan lengkung lelurus individu bagi tenaga mekanikal khusus ke 
lengkung induk yang lancar. Hubungan kelajuan skru dan tenaga mekanikal 
khusus dapat dilihat untuk menggambarkan prestasi mesin penyemperitan 
dalam pengeluaran daging analog cendawan tiram-protein soya. Penemuan ini 
mencadangkan bahawa daging analog cendawan tiram-protein soya dengan ciri 
penampilan, fizikal, dan tekstur yang memuaskan paling baik dihasilkan melalui 
penyemperitan skru-tunggal pada suhu tong 140 °C, kelajuan skru 160 rpm, dan 
15% penambahan cendawan tiram. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Research Background 

The combined effects of increasing human population worldwide, awareness on 
animal-based protein sustainability, environmental concerns, and human health 
considerations (such as diseases from the animal, uncontrolled sanitary farming 
environment, and others), causing the production of meat analogs expected to 
increase the global market venue of plant protein-based meat to USD 7.5bn by 
2025 (Askew, 2019). The world farming and meat industry has been facing 
enormous challenges such as arable land shrinkage, intensification of 
agricultural production, and livestock challenge to meet the world meat demand 
(Gerhardt et al., 2019). In comparison, the world's population eating preferences 
over animal proteins become more interested in replacing the animal protein 
source with plant protein for many customers. These factors lead to the 
importance of plant-based meat in the current trend of a healthy diet and as a 
future sustainable food. 
 
 
The Food and Agricultural Organization (FAO) has reported that the intake of 
meat analog by the consumers in developing countries continues to increase 
and forecast to increase up to 73% by 2050 (FAO, 2020). Plant-based meat is 
highly marketed in Western countries, and Asian countries will also become a 
future market due to growing interest in meat imitations (Ismail et al., 2020). From 
a survey done in 2018, approximately 40% of the respondents in Malaysia would 
like to substitute animal meat with plant protein-based meat in their meals 
(Hirschmann, 2019). This change in trend is due to the health benefits of plant 
protein-based meat analogs, which are low in saturated fats and sodium, 
cholesterol-free, and an excellent source of protein that is comparable to animal 
meat (Asgar, 2010; Maida, 2017). Furthermore, meat analogs can possibly be 
labeled as halal food whereby there is no slaughtering process issue of animal 
meat involved and only plant-based ingredients are used.  
 
 
The addition of the extra element of health-promoting ingredients is an approach 
to make the meat analog more nutritious and to improve its texture. Several 
researchers have considered the effects of adding extra ingredients (e.g., flavor 
enhancer, starch, fiber, microalgae) on the final quality (e.g., expansion, density, 
color, texture, water absorption capacity) of meat analogs (Milani et al., 2014; 
Thadavathi et al., 2019; Ma and Ryu, 2019; Caporgno et al., 2020). These 
studies have reported that the presence of additional ingredients in the protein-
based mixtures can positively and negatively affect the physical quality and 
improve the nutrient content of meat analogs.  
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Oyster mushrooms (OM) (Pleurotus sajor-caju) are widely planted and 
consumed in Malaysia because of its simple planting cycle and great taste (Mat 
Amin et al., 2013). Oyster mushrooms are low in fat and calories but are rich in 
protein, dietary fiber, vitamins, and minerals (Wan Rosli et al., 2015). Mushrooms 
have been used as meat replacers in human diets due to their good source of 
macronutrients (protein, fiber), and micronutrients (essential amino acids, 
vitamins, essential minerals), as well as low fat, sodium, and energy contents 
(Croan, 2004; Synytsya et al., 2008; Asgar et al., 2010; Ahmed et al., 2016). 
Mushrooms have been substituted in the development of beef/chicken patties 
and nuggets to develop healthier protein foods with a good appearance, taste, 
and texture (Wan Rosli et al., 2011; Miller et al., 2014, Banerjee et al., 2020). A 
previous study conducted by Ahirwar et al. (2015) reported the effect of fresh 
button mushroom addition in a wheat gluten-based meat analog through the 
steaming method. However, their study was only limited to the hardness and 
nutritional properties of the meat analog.  
 
 
Traditionally, meat analog has been produced through a simple processing or 
fermentation process that failed to exhibit the mimic texture of animal meat. 
However, with the modern advance technology in processing and food science, 
meat analog products, which have mimic aesthetic qualities (e.g., texture, taste, 
and look) and functionality of animal meat product can be produced (King and 
Lawrence, 2019). Recent studies have developed a nutritious plant protein-
based meat analog that mimics the aesthetic quality of animal meat. These 
studies have attempted to develop plant protein-based meat analogs from 
different sources of protein (e.g., soybean, peanut, oilseed, cereal, mycoprotein) 
(Rehrah et al., 2009; Asgar et al., 2010). Different cooking techniques (e.g., 
single-screw extrusion, twin-screw extrusion, Couette cell technology, 
electrospinning) were applied (Thadavathi et al., 2019; Caporgno et al., 2020; 
Krintiras et al., 2016; Nieuwland et al., 2014). Among the technologies applied, 
extrusion is the most popular single-step process for forming meat analogs with 
satisfying appearance and texture. 
 
 
The extrusion cooking technique is commercially applied in the production of 
meat analog. Extrusion is a continuous process of mixing, kneading, and shaping 
that involves both thermal and mechanical energies. It is a versatile cooking 
technique that can be applied to produce varieties of food such as cereals, meat 
analogs, and ready-to-eat food. Extrusion is a high-temperature short-time 
(HTST) process that is remarkably adaptable in fulfilling consumer demand for 
attractive products. The production of various food products is workable by 
simultaneously adjusting the conditions of feed ingredients and the setting 
parameters of the extruder. Feed ingredients generally consist of multiple 
components that will experience different structural transformations under 
extrusion cooking in the presence of heat, shear force, and water. In the 
extrusion of proteins, their original states are disrupted (denaturation of protein) 
and altered (realign and crosslinking) under high temperature, shear, and 
pressure. However, protein texturization is also dependent on the type of 
ingredient used, as the ingredients can enhance or inhibit the desired final 
product quality. Determining the correct extruder parameters and ingredient 
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formulation to enhance the appearance, taste, and texture of meat analog is the 
most challenging feature when it comes to extrusion cooking. The right extrusion 
temperature is important to ensure the completion of the denaturation of proteins 
during extrusion. Besides, screw speed is crucial to provide the shearing effect 
in the process of realignment and formation of the fibrous structure of meat 
analog. 
 
 
Many studies applied a single-screw extruder for plant protein-based meat 
analog production (Thadavathi et al., 2019; Omohimi et al., 2014; Rehrah et al., 
2009; Parmer Jr. and Wang, 2004). According to these studies, using a single-
screw extruder for manufacturing meat analog is a viable choice. It is feasible to 
make meat analogs using single-screw extruders by adjusting the extrusion 
processing parameters (e.g., temperature, screw speed, and screw 
configuration) and component composition (e.g., protein sources, moisture level, 
and binders). However, no study has been conducted to find the relationship of 
varied screw speeds and the addition of OM on the texture of soy protein-based 
meat analog and extruder’s specific mechanical energy (SME). Thus, the 
combined effects of extrusion screw speed and low-grade OM addition on the 
texture characteristics (hardness, gumminess, and chewiness) of oyster 
mushroom-soy protein meat analog were analyzed. The obtained texture 
characteristics were compared with commercial products such as hydrated non-
extruded texturized vegetable protein (TVP) and chicken meats. It is relevant to 
consider non-extruded TVP and chicken meats due to their comparable texture 
(e.g., chewiness, juiciness, gumminess, long fibers, and layered structure) and 
appearance (e.g., shape, size, and color). That may resemble the characteristics 
of meat analog developed in this study. 
 
 
Master curves of drying kinetics, viscosity, and rheological behavior of foods 
have been established from applying of the superposition technique (Abdullah, 
2015). However, the superposition technique’s uses in describing the 
relationship between the physical properties of the extrudate, texture 
characteristics, sensory qualities, processing performance, and parameters of 
extrusion are still restricted. The SME is the key factor that reflects the degree of 
extrusion cooking and is necessary to optimize and scale-up of extrusion 
processes (Bouvier and Campanella, 2014). As a consequence, process SMEs 
is essential to be addressed when making master correlations for process-
product optimization. In this study, the relationship between SME and screw 
speed was determined from a master curve developed using the superposition 
technique. A master curve is developed to display a single smooth line to express 
the extruder’s performance at a wide range of screw speed applied for the 
extrusion of this type of meat analog. 
 

1.2 Problem Statement 

 
Substantial challenges remain in operation to achieve the right appearance and 
texture of meat analog. Among the main challenges are determining suitable 
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processing parameters (e.g., temperature and screw speed) and feed 
compositions in the production of meat analog. Appearance (e.g., expansion 
ratio, density, water absorption index, and moisture content) and texture (e.g., 
fibrous structure, hardness, gumminess, and chewiness) of meat analogs are 
part of the properties where consumers put in priority other than taste when 
eating them. To meet these demands, it is critical to producing a high protein 
value meat analog employing high protein plant ingredients such as soy protein, 
one of the most common ingredients used in meat creation. However, using soy 
proteins as the only component did not result in a more appealing meat 
substitute. Therefore, it is convenient to add extra ingredients (e.g., wheat gluten 
or carbohydrate fibers), which could improve the physical characteristics and 
texture of meat analogs (Kyriakopoulou et al., 2021). It is hypothesized that the 
inclusion of OM in soy proteins may enhance the fibrous structure formation, 
hardness, gumminess, chewiness, and physical properties of meat analogs. 
 
 
Low-grade OM is classified as no market value category by the Federal 
Agricultural Marketing Authority (FAMA), Malaysia (2017). They are small size 
and deformed in shape. Thus, they are usually sold at a much lower price than 
higher grades or being discarded as mushroom waste. Despite their physical 
flaws, low-grade OM contains many nutritional contents. Adding these low-grade 
mushrooms into meat analogs, which mainly contained protein mixture can be a 
benefit for value adding in the final product. Thus, development of this animal 
meat-free products will be a great effort in terms of promoting healthier eating 
meals. 
 
 
Apart from being specific on the raw materials, operating process parameters 
(barrel temperatures and screw speed) of extrusion also need to be controlled to 
sustain both the product quality and the low operating cost of meat analog 
processing. Selecting and preconditioning of feed mixtures is an important 
criterion that needs attention to perform a good extrusion ability during extrusion. 
 

1.3 Research Aims and Objectives 

This research aims to investigate the extrusion ability of a single-screw extruder 
for the processing of oyster mushroom-soy protein extrudate. In this research, 
the oyster mushroom-soy protein meat analog was aimed unpuffed, containing 
medium moisture (30%< moisture content <50%) and presenting a fibrous 
structure. 
 
 
The set objectives are: 
 

I. to determine a range of suitable extrusion process parameters (barrel 
temperature and screw speed) that satisfy the extrusion performance 
and extrudate specific criteria, 
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II. to evaluate the effects of different screw speeds and OM addition on the 
physical properties (expansion ratio, apparent density, moisture content, 
water absorption index, and texturization index), microstructure, and 
textural characteristics of the oyster mushroom-soy protein extrudate, 
and 

III. to model the effect of screw speed and OM addition on the extrusion 
SME using master curve technique. 

 

1.4 Scope and Significance of Research 

There is a growing demand for the replacement of animal-based protein with 
plant-based protein in food products but with similar aesthetic qualities of foods 
as expected by consumers. A combination of plant-based ingredients has 
developed functional food that is important for vegetarians by which they do not 
consume animal-based food products. It is of interest in the present research to 
assess the combined effect of low-grade OM addition, and the extrusion process 
parameters (e.g., barrel temperature, screw speed) on the properties of soy 
protein-based meat analog as well as the extrusion process behavior (extrusion 
ability) via single-screw extrusion. To achieve both consumers and food 
industries' expected quality, it is important to determine different factors that 
influence the properties of meat analog. This study presented a suitable range 
of ingredient formulations and processing parameters that satisfy the extrusion 
ability and extrudate physical characteristic. Determination of the process 
parameters is likely to benefit the researchers and food industries in the 
processing of meat analog made of soy proteins via single-screw extrusion. 
 
 
This study also contributes to the understanding of the physical properties and 
microstructure changes of meat analogs produced at different extrusion process 
parameters. The outcomes would be beneficial to understand the extent of 
extrusion process parameters that affected the meat analog properties and 
process behavior. The significant positive and negative effects of the extrusion 
process parameters on the properties of the meat analogs were analyzed using 
a statistical approach. Also, the oyster mushroom-soy protein meat analog that 
exhibits a texture that is comparable with animal meat or any commercial plant-
based products was determined. Besides that, this research also provides a 
master curve for correlating the screw speed and OM addition with the extrusion 
SME. From the master correlation curve, it can be implied that it will be useful 
for processors and extruder manufacturers to understand the SME reaction at 
different screw speeds when manufacturing oyster mushroom-soy protein 
extrudates containing OM at least in this range (0% - 7.5%). 
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1.5 Thesis Outline 

The organization of this thesis is as follows. Chapter 1 introduce the background 
of the research and the general idea in the development of plant-based meat 
analog for the substitution of animal meat. This followed by the problems and 
issues related to this research, the aims and objectives, and the scope and 
significance of this research. 
Chapter 2 presents a review of literatures on introduction plant protein-based 
meat analog, raw materials and additives properties, and the extrusion 
processing method of meat analog. This chapter also reviewed on previous 
findings on the properties (physical, microstructure, texture characteristics) of the 
protein-based meat analogs with added ingredients. 
 
 
Chapter 3 describes the materials and experimental procedures for the 
processing of oyster mushroom-soy protein extrudate. The mashed OM 
preparation is reported and the overall process of cooking extrusion is explained 
from the preparation of feed mixtures to the procedure of extrudate storage. The 
procedures used for analyzing each sample are described. The statistical tool 
and analysis methods applied are described at the end of the chapter. 
 
 
Chapter 4 presented the factorial experiment design was successfully used to 
determine a range of suitable extrusion process parameters that exhibits 
continuous extrusion flow and unpuff extrudates with a fibrous structure. The 
effects of extrusion process parameters on the physical characteristic, 
microstructure and texture characteristics of the extrudate were analyzed using 
a statistical analysis technique. Besides, this chapter also presented the master 
correlation curve between screw speeds and OM addition with the extrusion 
SME using the superposition technique. 
 
 
The final chapter of the thesis, Chapter 5 summarizes the research works and 
presented recommendations for future work. The process flow chart of the 
research design and methodologies applied is shown in Figure 1.1. 
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Figure 1.1: Process flow chart of the research design and methodology



© C
OPYRIG

HT U
PM

69 
  

6 REFERENCES 

Abdullah, N. A. (2015). Optimisation and rheological modelling of 
thermosonically extracted tropical fruit juice concentrates. 
(Unpublished doctoral dissertation). Universiti Putra Malaysia, 
Malaysia. 

 
Abdullah, N., Chin, N. L., Yusof, Y. A., & Talib, R. A. (2018). Modeling the 

rheological behavior of thermosonic extracted guava, pomelo, and 
soursop juice concentrates at different concentration and temperature 
using a new combination model. Journal of Food Processing and 
Preservation, 42(2): e13517. 

 
Aeras, J. A. G. (1992). Extrusion of food proteins. Critical Reviews in Food 

Science and Nutrition, 32(4): 365-392. 
  
Ahirwar, R., Jayathilakan, K., Reddy, K. J., Pandey, M. C., & Batra, H. V. 

(2015). Development of mushroom and wheat gluten based meat 
analogue by using response surface methodology. International 
Journal of Advanced Research, 3(1): 923-930. 

 
Ahmed, M., Abdullah, N., & Nuruddin, N. N. (2016). Yield and nutritional 

composition of oyster mushrooms: An alternative nutritional source for 
rural people. Sains Malaysiana, 45(11): 1609-1615. 

 
Aini, I. N. & Miskandar, M. S. (2007). Utilization of palm oil and palm products 

in shortenings and margarines. European Journal of Lipid Science and 
Technology, 109: 422-432. 

  
Akdogan, H. (1996). Pressure, torque, and energy responses of a twin screw 

extruder at high moisture contents. Food Research International, 29(5-
6): 423-429. 

 
Aleson-Carbonell, L., Femandez-Lopez, J., Perez-Alvarez, J. A., & Kuri, V. 

(2005). Characteristics of beef burger as influenced by various types of 
lemon albedo. Innovative Food Science and Emerging Technologies, 
6: 247-255. 

 
Anderson, R. A. (1982). Water absorption and solubility and amylograph 

characteristics of roll-cooked small grain products. Cereal Chem, 59(4): 
265-269. 

 
Anonymous (2021, July 12). Wood supply scarcity adversely affecting 

mushroom cultivation sector. New Straits Times. Retrieved from  
https://www.nst.com.my/business/2021/07/707517/wood-supply-
scarcity-adversely-affecting-mushroom-cultivation-sector 

 

https://www.nst.com.my/business/2021/07/707517/wood-supply-scarcity-adversely-affecting-mushroom-cultivation-sector
https://www.nst.com.my/business/2021/07/707517/wood-supply-scarcity-adversely-affecting-mushroom-cultivation-sector


© C
OPYRIG

HT U
PM

70 
  

Arhaliass, A., Bouvier, J. M., & Legrand, J. (2003). Melt growth and shrinkage 
at the exit of the die in the extrusion-cooking process. Journal of Food 
Engineering, 60: 185-192. 

  
Asgar, M. A., Fazilah, A., Huda, N., Bhat, R., & Karim, A. A. (2010). Nonmeat 

protein alternatives as meat extenders and meat analogs. 
Comprehensive Reviews in Food Science and Food Safety, 9: 513-
529. 

 
Askew, K. (2019). Meat analogues: A ‘big opportunity’ for improved quality. 

Retrieved from  
           https://www.foodnavigator.com/Article/2019/06/19/Meat-analogues-A-

big-opportunity-for-improved-quality 
 
Atkinson, W. T. (1970). Process for Extruding Oilseed Protein Material (Patent 

3, 488,770). US. 
 
Banerjee, D. K., Das, A. K., Banerjee, R., Pateiro, M., Nanda, P. K., Gadekar, 

Y. P., Biswas, S., McClements, D. J., & Lorenzo, J. M. (2020). 
Application of enoki mushroom (Flammulina Velutipes) stem wastes as 
functional ingredients in goat meat nuggets. Foods, 9(4): 432. 

 
Belitz, H. D., Grosch, W., & Schieberle P. (2009). Food Chemistry, Fourth 

edition. Heidelberg, Germany: Springer. 
 
Beniwal, A. S., Singh, J., Kaur, L., Hardacre, A., & Singh, H. (2021). Meat 

analogs: Protein restructuring during thermomechanical processing. 
Comprehensive Review Food Science and Food Safety. 20:1221-
1249. 

 
Bhattacharya, S. (1997). Twin-screw extrusion of rice-green gram blend: 

Extrusion and extrudate characteristics. Journal of Food Engineering, 
32(1): 83-99. 

  
Bohrer, B. M. (2019). An investigation of the formulation and nutritional 

composition of modern meat analogue products. Food Science and 
Human Wellness, 8: 320-329. 

 
Boukid, F. (2020). Plant-based meat analogues: from niche to mainstream. 

European Food Research and Technology, 1-12. 
  
Bourne, M. C. (1982). Food Texture and Viscosity: Concept and 

Measurement. New York, N.Y.: Academic Press. 
 
Bouvier, J. M., & Campanella, O. H. (2014). Extrusion Processing Technology. 

Chichester, UK: John Wiley & Sons, Ltd. 
 
Camacho-Hernández, I. L., Zazueta-Morales, J. J., Gallegos-Infante, J. A., 

Aguilar-Palazuelos, E., Rocha-Guzmán, N. E., Navarro-Cortez, R. O., 
Jacobo-Valenzuela, N., & Gómez-Aldapa, C. A. (2014). Effect of 
extrusion conditions on physicochemical characteristics and 

https://www.foodnavigator.com/Article/2019/06/19/Meat-analogues-A-big-opportunity-for-improved-quality
https://www.foodnavigator.com/Article/2019/06/19/Meat-analogues-A-big-opportunity-for-improved-quality


© C
OPYRIG

HT U
PM

71 
  

anthocyanin content of blue corn third-generation snacks. CyTA - 
Journal of Food, 12(4): 320-330. 

  
Caporgno, M. P., Böcker, L., Müssner, C., Stirnemann, E., Haberkorn, I., 

Adelmann, H., Handschin, S., Windhab, E. J., & Mathys, A. (2020). 
Extruded meat analogues based on yellow, heterotrophically cultivated 
Auxenochlorella protothecoides microalgae. Innovative Food Science 
and Emerging Technologies, 59: 102275. 

  
Cheftel, J. C., Kitagawa, M., & Quéguiner, C. (1992). New protein texturization 

processes by extrusion cooking at high moisture levels. Food Reviews 
International, 8(2): 235-275.  

 
Chen, F. L., Wei, Y. M., Zhang, B., & Ojokoh, A. O. (2010). System parameters 

and product properties response of soybean protein extruded at wide 
moisture range. Journal of Food Engineering, 96: 208-213. 

  
Chen, J. (2009). Food oral processing-A review. Food Hydrocolloids, 23: 1-

25. 
 
Cheung, P. C. K. (2010). The nutritional and health benefits of mushrooms. 

Nutrition Bulletin, 35: 292-299. 
 
Chiang, J. H., Loveday, S. M., Hardacre, A. K., & Parker, M. E. (2019). Effects 

of soy protein to wheat gluten ratio on the physicochemical properties 
of extruded meat analogues. Food Structure, 19: 100102. 

  
Cisneros, F. H. & Kokini, J. L. (2002). A generalized theory linking barrel fill 

length and air bubble entrapment during extrusion of starch. Journal of 
Food Engineering, 51: 139-149. 

 
Croan, S. C. (2004). Conversion of conifer wastes into edible and medicinal 

mushrooms. Forest Product Journal, 54: 68-76. 
 
Cumming, D. B., Stanley, D. W., & DeMan, J. M. (1973). Fate of water soluble 

soy protein during thermoplastic extrusion. Journal of Food Science, 
38: 320-323. 

 
Dekkers, B. L., Nikiforidis, C. V., & van der Goot, A. J. (2016). Shear-induced 

fibrous structure formation from a pectin/SPI blend. Innovative Food 
Science and Emerging Technologies, 36: 193-200. 

 
Egbert, R. & Borders, C. (2006). Achieving success with meat analogs. Food 

Technology 60: 28-34. 
 
Erbas, M., Sekerci, H., Arslan, S., & Nur Durak, A. (2012). Effect of sodium 

metabisulfite addition and baking temperature on maillard reaction in 
bread. Journal of Food Quality, 35: 144-151. 

 
Fan, J., Mitchell, J. R., & Blanshard, J. M. V. (1996). The effect of sugars on 

the extrusion of maize grits: I. The role of the glass transition in 



© C
OPYRIG

HT U
PM

72 
  

determining product density and shape. Int. J. Food Sci. Tech., 31: 55-
65. 

Fang, Y., Zhang, B., & Wei, Y. (2014). Effects of the specific mechanical 
energy on the physicochemical properties of texturized soy protein 
during high-moisture extrusion cooking. Journal of Food Engineering, 
121: 32-38. 

  
FAO/WHO/UNU (1985). Energy and protein requirements. Report of a joint 

FAO/WHO/UNU expert consultation. World Health Organization 
technical report series, 724: 1-206. 

 
Federal Agricultural Marketing Authority (FAMA) (2017). Kualiti Cendawan 

Tiram Kelabu Berpandukan, Malaysian Standard (MS 2515:2012). 
Retrieved from  

           http://www.fama.gov.my/documents/20143/0/cendawan+red.pdf/ 
63676187-392a-48ce-4405-6d4090cb5568  

 
Finnie, S. & Atwell, W. A. (2016). Wheat Flour, 2nd edition, Minnesota, U.S.A.: 

AACC International, Inc. 
 
Flynt, L. S. H. C. (2020). Meat Analogs. Retrieved from 

https://www.encyclopedia.com/food/news-wires-white-papers-and-
books/meat-analogs 
 

Food and Agriculture Organization (FAO) (2020). World Livestock 2011: 
Livestock in food security. Retrieved from http://www.fao. 
org/3/i2373e/i2373e.pdf  

 
Food and Agriculture Organization of the United Nations (FAO) (2007). 

Preservatives. Retrieved from http://www.fao.org/3/a-au117e.pdf  
 
Food and Drug Administration (FDA) (2019). Code of Federal Regulations 

Title 21, Volume 3. Retrieved from https://www.accessdata.fda.gov/ 
scripts/cdrh/cfdocs/cfCFR/CFRSearch.cfm?fr=182.3766 
 

Froggatt A. & Wellesley L. (2019). Meat analogues-consideration for the EU. 
Chatham House. Retrieved from https://www.chathamhouse.org/ 
publication/meat-analogues-considerations-eu  

 
Gerhardt, C., Suhlmann, G., Ziemben, F., Donnan, D., Warschun, M., & 

Kuhnle, H. J. (2020). How will cultured meat and meat alternatives 
disrupt the agricultural and food industry? Retrieved from 
https://www.vegansociety.com/news/media/statistics  

 
Godavarti, S. & Karwe, M. V. (1997). Determination of specific mechanical 

energy distribution on a twin-screw extruder. Journal of Agricultural 
Engineering Research, 67(4): 277-287. 

 
González-Pérez, S. & Arellano, J. B. (2009). Vegetable protein isolates. In 

Phillips, G. O. & Williams, P. A., Handbook of hydrocolloids, Second 
Edition (pp. 403-404). Boca Raton, Florida: CRC Press. 

http://www.fama.gov.my/documents/20143/0/cendawan+red.pdf/
https://www.encyclopedia.com/food/news-wires-white-papers-and-books/meat-analogs
https://www.encyclopedia.com/food/news-wires-white-papers-and-books/meat-analogs
http://www.fao/
http://www.fao.org/3/a-au117e.pdf
https://www.accessdata.fda.gov/
https://www.chathamhouse.org/
https://www.vegansociety.com/news/media/statistics


© C
OPYRIG

HT U
PM

73 
  

 
Grotheer, P., Marshall, M., & Simonne, A. (2008). Sulfites: Separating fact 

from fiction, University of Florida. Retrieved from 
http://edis.ifas.ufl.edu/fy731 

  
Guerrero, P., Beatty, E., Kerry, J. P., & de la Caba, K. (2010). Extrusion of soy 

protein with gelatin and sugars at low moisture content. Journal of Food 
Engineering, 110: 53-59. 

 
Gwiazda, S., Noguchi, A., & Saio, K. (1987). Microstructural studies of 

texturized vegetable protein products: effects of oil addition and 
transformation of raw materials in various sections of a twin screw 
extruder. Food Structure, 6(1): 57-61. 

 
Harper, J. M. (1981). Extrusion of Foods, Volume II, Chapter 13, Boca Raton, 

Florida: CRC Press. 
 
He, J., Evans, N. M., Liu, H., & Shao, S. (2020). A review of research on plant-

basedmeat alternatives: Driving forces, history, manufacturing, and 
consumer attitudes. Comprehensive Reviews In Food Science And 
Food Safety, 19: 2639-2656.  

 
Hirschmann, R. (2020). Respondents who would eat plant-based meat 

substitutes in Malaysia 2018. Retrieved from 
https://www.statista.com/statistics/ 983777/malaysia-willingness-plant-
based-meat-substitutes/  

 
Hoogenkamp, H. W. (2005). Soy Protein and Formulated Meat Products. 

USA., CABI Publishing. 
 
Hsieh, F. & Huff, H. (2011). Meat Analog Compositions and Process 

(US20120093994A1). US. 
 
Huang, F. F. & Rha, C. (1974). Protein structures and protein fibers-A review. 

Polymer Engineering and Science, 14(2): 81-91. 
  
Ismail, B. P., Senaratne-Lenagala, L., Stube, A., & Brackenridge, A. (2020). 

Protein demand: Review of plant and animal proteins used in 
alternative protein product development and production. Feature 
Article, 10(4): 53-63. 

 
Ismail, I., Hwang, Y. H., & Joo, S. T. (2020). Meat analog as future food: A 

review. Journal of Animal Science and Technology, 62(2): 111-120.  
 
Joshi, V. K. & Kumar, S. (2015). Meat analogues: Plant based alternatives to 

meat products- A review. International Journal Food Fermentation 
Technology, 5(2): 107-119. 

 
 
 
  

http://edis.ifas.ufl.edu/fy731
https://www.statista.com/statistics/


© C
OPYRIG

HT U
PM

74 
  

Kantrong, H., Charunuch, C., Limsangouan, N., & Pengpinit, W. (2018). 
Influence of process parameters on physical properties and specific 
mechanical energy of healthy mushroom-rice snacks and optimization 
of extrusion process parameters using response surface methodology. 
Journal of Food Science and Technology, 55(9): 3462-3472. 

 
Kazemzadeh, M. (2012). Introduction to Extrusion Technology. In Maskan, M. 

& Altan, A., Advances in Food Extrusion Technology (pp. 10-11). Boca 
Raton: CRC Press. 

 
Kek, S. P., Chin, N. L., & Yusof, Y. A. (2013). Simultaneous time-temperature-

thickness superposition theoretical and statistical modelling of 
convective drying of guava. Journal of Food Science and Technology, 
51(12): 3609-3622. 

 
Khazaei, J., Arabhosseini, A., & Khosrobeygi, Z. (2008). Application of 

superposition technique for modeling drying behavior of Avishan 
(Zataria Multiflora) leaves. Transactions of the ASABE, 51(4): 1383-
1393. 

 
King, T. & Lawrence, S. (2019). Meat the alternative-Australia’s $3 billion 

opportunity. Retrieved from https://www.foodfrontier.org/ 
wpcontent/uploads/2019/09/Meat_the_Alternative_FoodFrontier.pdf  

 
Kinney, M., Weston, Z., & Bauman, J. (2019). Plant-based meat 

manufacturing by extrusion. Washington, DC: The Good Food 
Institute. 

 
Kinsella, J. E. & Franzen, K. L. (1978). Texturized proteins: Fabrication, 

flavoring, and nutrition. C R C Critical Reviews in Food Science and 
Nutrition, 10(2): 147-207. 

  
Kobus, Z., Nadulski, R., Wilczyński, K., Starek, A., Zawiślak, K., Rydzak, L., & 

Andrejko, D. (2019). Modeling of rheological properties of cloudy apple 
juice using master curve. CyTA - Journal of Food, 17(1): 648-655. 

 
Kotwaliwale, N., Bakane, P., & Verma, A. (2007). Changes in textural and 

optical properties of oyster mushroom during hot air drying. Journal of 
Food Engineering, 78: 1207-1211. 

 
Krintiras, G. A., Diaz, J. G., van der Goot, A. J., Stankiewicz, A. I., & Stefandis, 

G. D. (2016). On the use of the Couette Cell technology for large scale 
production of textured soy-based meat replacers. Journal of Food 
Engineering, 169: 205-213. 

  
Kyriakopoulou, K., Dekkers, B., & van der Goot, A. J. (2019). Plant-based 

meat analogues. In Galanakis, C. M., Sustainable meat production and 
processing (pp. 103-126). London, United Kingdom: Academic Press. 

 

https://www.foodfrontier.org/


© C
OPYRIG

HT U
PM

75 
  

Kyriakopoulou, K., Keppler, J. K., & van der Goot, A. J. (2021). Functionality 
of Ingredients and Additives in Plant-Based Meat Analogues. Foods, 
10: 600. 

 
Launay, B. & Lisch, J. M. (1983). Twin-screw extrusion cooking of starch 

pastes, expansion and mechanical properties of extrudates. Journal of 
Food Engineering, 2: 259-280. 

 
Lin, S., Huff, H. E., & Hsieh, F. (2000). Texture and chemical characteristics 

of soy protein meat analog extruded at high moisture. Journal of Food 
Science, 65(2): 264-269. 

 
Lin, S., Huff, H. E., & Hsieh, F. (2002). Extrusion process parameters, sensory 

characteristics, and structural properties of a high moisture soy protein 
meat analog. Journal of Food Science, 67(3): 1066-1072. 

  
Liu, K. S. & Hsieh, F. H. (2008). Protein–protein interactions during high-

moisture extrusion for fibrous meat analogues and comparison of 
protein solubility methods using different solvent systems. Journal of 
Agricultural and Food Chemistry, 56: 2681-2687. 

 
Ma, X. & Ryu, G. (2019). Effects of green tea contents on the quality and 

antioxidant properties of textured vegetable protein by extrusion-
cooking. Food Science Biotechnology, 28(1): 67-74. 

  
Maida, J. (2017). Global Meat Substitutes Market 2017-2021. Retrieved from 

https://www.technavio.com/report/global-meat-substitutes-market  
 
Malav, O. P., Talukder, S., Gokulakrishnan, P., & Chand, S. (2015). Meat 

analog: A review. Critical Reviews in Food Science and Nutrition, 55(9): 
1241-1245. 

  
Malaysia Palm Oil Board (MPOB) (2020). About palm oil. Retrieved from 

www.palmoilworld.org/about_palmoil.html  
 
Malaysia Palm Oil Council (MPOC) (2020). About palm oil. Retrieved from 

http://mpoc.org.my/about-palm-oil/  
 
Mat Amin, M. Z., Mohd, Y. S., & Harun, A. (2013). Viability of oyster mushroom 

in Peninsular Malaysia. Economic and Technology Management 
Review, 8: 13-25. 

 
Maurya, A. K. and Said, P. P. (2014). Extrusion processing on physical and 

chemical properties of protein rich products-An overview. Journal of 
Bioresource Engineering and Technology, 1: 67-73. 

 
McGregor, B. (2021). Analyzing the texture of your products. Baker-pedia-, 

Retrieved from  https://bakerpedia.com/analyzing-texture-of-products/  
 

https://www.technavio.com/report/global-meat-substitutes-market
http://www.palmoilworld.org/about_palmoil.html
http://mpoc.org.my/about-palm-oil/
https://bakerpedia.com/analyzing-texture-of-products/


© C
OPYRIG

HT U
PM

76 
  

Meng, X., Threinen, D., Hansen, M., & Driedger, D. (2010). Effects of extrusion 
conditions on system parameters and physical properties of a chickpea 
flour-based snack. Food Research International, 43: 650-658. 

 
Milani, T. M. G., Menis, M. E. C., Jordano, A., Boscolo, M., & Conti-Silva, A. 

C. (2014). Pre-extrusion aromatization of a soy protein isolate using 
volatile compounds and flavor enhancers: Effects on physical 
characteristics, volatile retention and sensory characteristics of 
extrudates. Food Research International, 62: 375-381.  

 
Miller, A. M., Mills, K., Wong, T., Drescher, G., Lee, S. M., Sirimuangmoon, 

C., Schaefer, S., Langstaff, S., Minor, B., & Guinard, J. X. (2014). 
Flavor-enhancing properties of mushrooms in meat-based dishes in 
which sodium has been reduced and meat has been partially 
substituted with mushrooms. Journal of Food Science, 79(9): 1795-
1804.  

 
Mościcki, L. (2011). Processing of Full Fat Soybeans and Textured Vegetable 

Proteins. In Mościcki, L., Extrusion-Cooking Techniques: Applications, 
Theory and Sustainability (pp. 123-126). Weinheim, Germany: WILEY-
VCH Verlag & Co. KGaA 

 
Nieuwland, M., Geerdink, P., Brier, P., van den Eijnden, P., Henket, J. T. M. 

M., Langelaan, M. L. P., Stroeks, N., van Deventer, H. C., & Martin, A. 
H. (2014). Reprint of "Food-grade electrospinning of proteins". 
Innovative Food Science and Emerging Technologies, 24: 138-144.  

 
Ning L. (1993). Texturization of soy protein via twin-screw extrusion. 

(Unpublished doctoral dissertation). University of Illinois, Urbana-
Champaign. 

 
Ning, L. & Villota, R. (1994). Influence of 7s and 11s globulins on the extrusion 

performance of soy protein concentrates. Journal of Food Processing 
and Preservation, 18: 421-436. 

  
O’Brien, R. D. (2009). Fats and oils: Formulating and processing applications, 

Third edition. Boca Raton, Florida: CRC Press. 
 
Official Methods of Analysis (AOAC) Sixteen edition (1995). Association of 

Official Analytical Chemists: Washington, DC, USA. 
 
Okubo, K., Ilijima, M., Kobayashi, Y., Yoshikoshi, M., Uchida, T., & Kudou, S. 

(1992). Components responsible for the undesirable taste of soybean 
seeds. Bioscience, Biotechnology, and Biochemistry, 56(1): 99-103.  

 
Omohimi, C. I., Sobukola, O. P., Sarafadeen, K. O., & Sanni, L. O. (2014). 

Effect of thermo extrusion process parameters on selected quality 
attributes of meat analogue from mucuna bean seed flour. Nigerian 
Food Journal, 32(1): 21-30.  

 



© C
OPYRIG

HT U
PM

77 
  

Osen, R., Toelstede, S., Wild, F., Eisner, P., & Schweiggert-Weisz, U. (2014). 
High moisture extrusion cooking of pea protein isolates: Raw material 
characteristics, extruder responses, and texture properties. Journal of 
Food Engineering, 127: 67-74. 

 
Oyinloye, T. M. & Yoon, W. B. (2021). Stability of 3D printing using a mixture 

of pea protein and alginate: Precision and application of additive layer 
manufacturing simulation approach for stress distribution. Journal of 
Food Engineering, 288: 110127. 

 
Palanisamy, M., Topfl, S., Aganovic, K., & Berger, R. G. (2018). Influence of 

iota carrageenan addition on the properties of soya protein meat 
analogues. LWT-Food Science and Technology, 87: 546-552.  

 
Parmer E. L., Wang, B., Aglan, H. A., & Mortley, D. (2004). Physicochemical 

properties of texturized meat analog made from peanut flour and soy 
protein isolate with a single-screw extruder. Journal of Texture Studies, 
35: 371-382. 

 
Pietsch, V. L., Emin, M. A., & Schuchmann, H. P. (2017). Process conditions 

influencing wheat gluten polymerization during high moisture extrusion 
of meat analog products. Journal of Food Engineering, 198: 28-35. 

 
Rehrah, D., Ahmedna, M., Goktepe, I., & Yu, J. (2009). Extrusion parameters 

and consumer acceptability of a peanut-based meat analogue. 
International Journal of Food Science and Technology, 44: 2075-2084. 

 
Resurreccion, A. V. A. (2003). Sensory aspects of consumer choices for meat 

and meat products. Meat Science, 66: 11-20. 
  
Riaz, M. N. (2000). Extruders in Food Applications. Boca Raton, Florida: CRC 

Press. 
 
Riaz, M. N. (2006). Soy Applications in Food. Boca Raton, Florida: CRC 

Press. 
 
Riaz, M. N. (2011). Texturized vegetable proteins. In Phillips, G. O. & Williams, 

P. A., Handbook of food proteins (pp 402-404). Cambridge: Woodhead 
Publishing. 

 
Richter, F. (2019). Alternative meat market poised for growth. Retrieved from 

https://www.statista.com/chart/18394/meat-substitute-sales-in-
selected-countries/ 

 
Rokey, G.J. (2000). Single screw extruder. In Riaz, M. N., Extruders in Food 

Applications (pp 25-50). Boca Raton, Florida: CRC Press. 
 
Ryan, R. (2013). Understanding The Mechanism of Texturization and The 

Relationship Between Properties of Wheat Gluten and Texturized 
Vegetable Protein. (Unpublished master dissertation). Kansas State 
University, Manhattan, Kansas. 

https://www.statista.com/chart/18394/meat-substitute-sales-in-selected-countries/
https://www.statista.com/chart/18394/meat-substitute-sales-in-selected-countries/


© C
OPYRIG

HT U
PM

78 
  

 
Sadler, M. J. (2004). Meat alternatives — market developments and health 

benefits. Trends in Food Science & Technology, 15: 250-260. 
 
Samard, S. & Ryu, G. H. (2019). A comparison of physicochemical 

characteristics, texture, and structure of meat analogue and meats. 
Journal of the Science of Food and Agriculture, 99(6): 2708-2715. 

  
Samard, S., Gu, B. Y., & Ryu, G. H. (2019). Effects of extrusion types, screw 

speed and wheat gluten addition on physicochemical characteristics 
and cooking stability of meat analogues. Journal of the Science of Food 
and Agriculture, 99(11): 4922-4931. 

  
Samsudin, N. I. P. & Abdullah, N. (2019). Edible mushrooms from Malaysia; 

A literature review on their nutritional and medicinal properties. 
International Food Research Journal 26(1): 11-31. 

 
Scheuer, P. M., Luccio, M. D., Zibetti, A. W., de Miranda, M. Z., & de 

Francisco, A. (2016). Relationship between instrumental and sensory 
texture profile of bread loaves made with whole-wheat flour and fat 
replacer. Journal of Texture Studies, 47: 14-23. 

  
Sevatson, E. R.  I. C. & Huber, G. R. (2000). Extruders in the food industry. In 

Riaz, M. N., Extruders in food applications (pp. 167-204). Boca Raton, 
Florida: CRC Press. 

 
Shetty, T. (2018). Meat analogue. Retrieved from https://alchetron.com/Meat-

analogue#meat-analogue-c924a30b-6465-49ae-9644-f0a57d37737-
resize-750.jpeg  

 
Smith, J. & Hong-Shum, L. (2011). Food Additives Data Book (2nd edition). 

United Kingdom: Blackwell Publishing Ltd.  
 
Stanley, D. W. & deMan, J. M. (1978). Structural and mechanical properties 

of textured proteins. Journal of Texture Studies, 9: 59-76.  
 
Starostinetskaya, A. (2019). Beyond burger aims to be cheaper than beef. 

Retrieved from https://vegnews.com/2019/3/beyond-burger-will-soon-
be-cheaper-than-beef  

 
Strahm, B. (2002). Raw material selection and additive effect on textured 

vegetable Protein. In Riaz, M. N. & Barron, M., Manual of Textured 
Vegetable Protein. Texas A&M University, Texas: Food Protein 
Research & Development Center. 

 
Sun, C., Ge, J., He, J., Gan, R., & Fang, Y. (2020). Processing, quality, safety, 

and acceptance of meat analogue products. Engineering. 
 
Synytsya, A., Míčková, K., Jablonský, I., Sluková, M., & Čopíková, J. (2008). 

Mushrooms of genus Pleurotus as a source of dietary fibres and 
glucans for food supplements. Czech J. Food Sci., 26(6): 441-446. 

https://alchetron.com/Meat-analogue#meat-analogue-c924a30b-6465-49ae-9644-f0a57d37737-resize-750.jpeg
https://alchetron.com/Meat-analogue#meat-analogue-c924a30b-6465-49ae-9644-f0a57d37737-resize-750.jpeg
https://alchetron.com/Meat-analogue#meat-analogue-c924a30b-6465-49ae-9644-f0a57d37737-resize-750.jpeg
https://vegnews.com/2019/3/beyond-burger-will-soon-be-cheaper-than-beef
https://vegnews.com/2019/3/beyond-burger-will-soon-be-cheaper-than-beef


© C
OPYRIG

HT U
PM

79 
  

  
Takei, R., Hayashi, M., Umene, S., Kobayashi, Y., & Masunaga, H. (2016). 

Texture and microstructure of enzyme-treated chicken breast meat for 
people with difficulties in mastication. Journal of Texture Studies, 47: 
231-238.  

 
Thadavathi, Y. L. N., Wassén, S., & Kádár, R. (2019). In-line rheological and 

microstroctural characterization of high moisture content protein 
vegetable mixtures in single screw extrusion. Journal of Food 
Engineering, 245: 112-123. 

  
Timms, R. E. (2003). Confectionary fats handbook: Properties, production and 

application, Volume 14. Sawston, United Kingdom: Woodhead 
Publishing Limited. 

 
Udyarajan, C. T., Horne, D. S., & Lucey, J. A. (2007). Use of time–temperature 

superposition to study the rheological properties of cheese during 
heating and cooling. International Journal of Food Science & 
Technology, 42(6): 686-698. 

 
Van Nieuwenhuyzen, W. (1976). Lecithin production and properties. Journal 

of the American Oil Chemists' Society, 53: 425-427. 
 
Van Zuilichem, D. J., Stolp, W., & Janssen, L. P. B. M. (1983). Engineering 

aspects of single-and twin-screw extrusion-cooking of biopolymers. 
Journal of Food Engineering, 2(3): 157-175. 

 
Vig, H. & Deshmukh, R. (2019). Market Research Report, Meat Substitute 

Market by Product (Tofu-based, Tempeh-based, TVP-based, Seitan-
based, Quorn-based, and Others), Source (Soy-based, Wheat-based, 
Mycoprotein, and Others), Category (Frozen, Refrigerated, and Shelf 
Stable): Global Opportunity Analysis and Industry Forecast, 2019–
2026. Retrieved from https://www.alliedmarketresearch.com/meat-
substitute-market 

 
Villazon, L. (2020). Why does salt enhance flavour? Retrieved from 

https://www.sciencefocus.com/science/why-does-salt-enhance-
flavour/  

 
Waggle, D. H. & Kolar, C. W. (1979). Types of soy protein products. In Wilcke, 

H. L., Hopkins, D. T., & Waggle, D. H., Soy protein and human nutrition 
(pp. 29). New York, Academic Press, INC. 

 
Wan Rosli, W. I., Aishah, M. A., Nik Fakurudin, N. A., & Mohsin, S. S. J., 

(2011). Colour, textural properties, cooking characteristics and fibre 
content of chicken patty added with oyster mushroom (Pleurotus sajor-
caju). International Food Research Journal, 18: 621-627. 

 
 
 

https://www.alliedmarketresearch.com/meat-substitute-market
https://www.alliedmarketresearch.com/meat-substitute-market
https://www.sciencefocus.com/science/why-does-salt-enhance-flavour/
https://www.sciencefocus.com/science/why-does-salt-enhance-flavour/


© C
OPYRIG

HT U
PM

80 
  

Wan Rosli, W. I., Nor Maihiza, M. S., & Raushan, M. (2015). The ability of 
oyster mushroom in improving nutritional composition, β-glucan and 
textural properties of chicken frankfurter. International Food Research 
Journal 22(1): 311-317. 

 
Wenger, L. V. G. & Osterhaus, E. J. (1976). Double extrusion apparatus for 

producing dense, uniformly layered vegetable protein meat analogue 
(Patent US4099455A). US. 

 
Wolz, M., Mersch, E., & Kulozik, U. (2016). Thermal aggregation of whey 

proteins under shear stress. Food Hydrocolloids, 56, 396-404. 
 
Wu, M., Sun, Y., Bi, C., Ji, F., Li, B., & Xing, J. (2018). Effects of extrusion 

conditions on the physicochemical properties of soy protein/gluten 
composite. International Journal Agricultural & Biological Engineering, 
11(4): 230-237.  

 
Yada, R.Y. (2004). Proteins in Food Processing, Part III Applications. Boca 

Raton, Florida: CRC Press. 
 
Yao, G, Liu, K. S., & Hsieh, F. (2004). A new method for characterizing fiber 

formation in meat analogs during high-moisture extrusion. Journal of 
Food Science, 69(7): 303-307. 

 
Yuliarti, O., Kovis, T. J. K., & Yi, N. J. (2021). Structuring the meat analogue 

by using plant-based derived composites. Journal of Food Engineering, 
288, 110138. 

 
Zhang, W., Li, S., Zhang, B., Drago, S. R., & Zhang, J. (2016). Relationships 

between the gelatinization of starches and the textural properties of 
extruded texturized soybean protein-starch systems. Journal of Food 
Engineering, 174: 29-36. 

  
Zhou, A. (2017). Twin screw extruder vs single screw extruder. Retrieved from 

https://www.kerkeextruder.com/2017/04/twin-screw-extruder-vs-
single-screw-extruder/ 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

81 
  

7 APPENDICES 

Appendix A 

Mechanical textural test procedure 
1. Texturization index 

  

 

  

Sample after transverse and longitudinal cutting 
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2. Texture profile analysis (TPA) 

  

Preparation of cooked extrudates Double-compression test 
 

Reference samples used for comparison of results 
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Appendix B 

Master curve of SME construction calculation 
Oyster 

mushroom 
addition 

(%) 

Screw 
speed 
(rpm) 

SME (kJ/kg) 
Standard 
deviation 

Standard 
error 

SME (kJ/kg) 
(Linear model 

Y-value) 

Sum of 
square 

Total Sum of 
square RMSE SME 

1 
SME 

2 
Average 

(Experimental) 

0 

110 29.18 28.57 28.88 0.426498 0.30158 31.388 6.308773819 50.63861274 1.776059 

120 33.76 35.16 34.46 0.989522 0.6997 33.23 1.513136285 2.347814491 0.869809 

130 36.64 36.83 36.74 0.137438 0.09718 35.072 2.766508034 0.551942442 1.176118 

140 38.64 36.92 37.78 1.214362 0.85868 36.914 0.753587029 3.203168864 0.613835 

150 39.76 39.56 39.66 0.138827 0.09817 38.756 0.815340602 13.44401502 0.638491 

160 37.94 38.95 38.44 0.714466 0.5052 40.598 4.65085031 5.997909403 1.524934 

7.5 

110 62.15 60.50 61.32 1.165639 0.82423 52.932 70.40562485 36.6859401 5.933196 

120 55.17 55.32 55.24 0.106007 0.07496 58.712 12.02431611 147.2656879 2.45197 

130 53.32 55.34 54.33 1.430379 1.01143 64.492 103.3012592 170.3395804 7.186837 

140 72.02 69.77 70.90 1.586875 1.12209 70.272 0.389009411 12.36231414 0.441027 

150 79.68 74.68 77.18 3.540844 2.50375 76.052 1.274543956 96.06467994 0.798293 

160 86.08 84.53 85.31 1.096736 0.77551 81.832 12.06902771 321.3541211 2.456525 

15 

110 40.46 40.66 40.56 0.140234 0.09916 37.76 7.821778037 82.94244695 1.977597 

120 41.45 42.45 41.95 0.707189 0.50006 42.558 0.370462523 59.51620895 0.430385 

130 46.31 44.92 45.62 0.982473 0.69471 47.356 3.015474062 16.35822795 1.227899 
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140 46.51 49.71 48.11 2.262534 1.59985 52.154 16.3549997 2.415382523 2.859633 

150 57.26 57.41 57.34 0.102772 0.07267 56.952 0.148336161 58.87685885 0.272338 

160 64.95 63.87 64.41 0.761212 0.53826 61.75 7.083703893 217.4888822 1.881981 



© C
OPYRIG

HT U
PM

85 
  

Plot of SME (Experimental) values versus screw speed were created to find the 
fitted model 

 

Linear model equation of Y = ax + c 

 Oyster mushroom addition (%) 
 0 7.5 15 

a 0.184 0.578 0.480 
c 11 -10.648 -15.018 
Mean average 35.992 67.380 49.664 
TSSE 16.808 199.464 34.795 
TSS 76.183 784.072 437.598 
R2 0.779 0.746 0.920 
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Find horizontal shifting factor, α 

Screw 
speed 
(rpm) 

SME (kJ/kg) 
Average 

(Experimental) 

Oyster mushroom addition (%) 

0 15 7.5 

110 28.87627 1.053338 1 0.7474608 
120 34.4601 1.228425 1 0.7567875 
130 36.73528 1.288932 1 0.7600106 
140 37.78209 1.31502 1 0.7614003 
150 39.65896 1.359293 1 0.7637586 
160 38.44142 1.330927 1 0.7622476 

110 61.32281 1.712734 1 0.7825859 
120 55.24439 1.635563 1 0.7784751 
130 54.32828 1.622759 1 0.7777931 
140 70.89571 1.81213 1 0.7878806 
150 77.18096 1.866165 1 0.790759 
160 85.30605 1.925984 1 0.7939454 

110 40.55674 1.379413 1 0.7648304 
120 41.94934 1.409368 1 0.766426 
130 45.61949 1.481721 1 0.7702802 
140 48.10987 1.526026 1 0.7726402 
150 57.33714 1.663596 1 0.7799684 
160 64.41152 1.747422 1 0.7844337 

α -value Average 1.519934  0.7723157 
 STDV 0.23531  0.0125346 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

X axis-horizontal shift factor, α 



© C
OPYRIG

HT U
PM

87 
  

Divide X-axis (screw speed) divided by α-value to find the new X-axis values 

Oyster 
mushroom 

addition (%) 

New x-axis values  
(screw speed, rpm) 

SME (kJ/kg) 
Average 

(Experimental) 

0 

72 28.87627 

79 34.4601 

86 36.73528 

92 37.78209 

99 39.65896 

105 38.44142 

7.5 

142 61.32281 

155 55.24439 

168 54.32828 

181 70.89571 

194 77.18096 

207 85.30605 

15 

110 40.55674 

120 41.94934 

130 45.61949 

140 48.10987 

150 57.33714 

160 64.41152 
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Appendix C 

Quality grade classification of grey oyster mushroom based on Malaysian 
Standard (MS2515:2012) (FAMA, 2017) 

Grade Characteristic Images 

Best 

 Mature 
 Fresh 
 Clean 
 Free of flaws and 

physical damage  

Quality 
accepted 
by the 
market 

 Mature 
 Fresh 
 Clean 
 Minimum of flaws 

and physical 
damage  

Quality not 
accepted 
by the 
market 

 Not mature 
 Not fresh 
 Dirty 
 Bad physical 

damage and 
shape 

 Damage caused 
by pests, disease, 
and mechanical 
damage 
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